Genetic mutations that give rise to active mutant forms of Ras are oncogenic and found in several types of tumor. However, such mutations are not clear biomarkers for disease, since they are frequently detected in healthy individuals. Instead, it has become clear that elevated levels of Ras activity are critical for Ras-induced tumorigenesis. However, the mechanisms underlying the production of pathological levels of Ras activity are unclear.
Introduction
Constitutively active mutants of Ras are oncogenic and are found in several tumor types (1) . For this reason, K-Ras mutations have been extensively examined as a potential cancer biomarker. However, mutant K-Ras has not proved to be a useful biomarker due to the consistent observation that Ras mutations occur frequently in normal individuals, especially as they age. For example, studies in pancreatic samples also indicate the prevalence of K-Ras mutations in normal individuals (2) (3) (4) . K-Ras mutations were also reported to be present in 20% of stool samples from normal healthy adults (3) . In another study, it was reported that K-Ras codon 12 mutations were identified in 10% of lung tissues obtained from patients with no lung diseases and 12.5% of patients diagnosed with nononcological lung diseases (5) . The prevalence of Ras mutations in normal healthy individuals suggest that activating Ras mutations per se are not efficient for disease initiation. This conclusion has been confirmed in genetic mouse models. Expression of oncogenic K-Ras in multiple tissues during development leads to neoplasias at an extremely low efficiency (6) . Recently, increasing evidence has suggested that not only the presence of mutated Ras but the actual activity of this molecule is important in determining pathological outcomes. For example, in the mammary gland, chronic low-level Ras induction resulted in tumor formation only after the sponta-neous upregulation of activated Ras (7) . Ras mutations have also been reported to initiate hematopoietic malignancies in a dosedependent manner (8) . Similarly, physiological levels of oncogenic K-Ras expressed in adult pancreatic cells were without pathologic effect (9, 10) . In contrast, high levels of Ras activity very efficiently caused severe inflammation and a rapid progression to cancer (10) . Therefore, it seems clear that activating Ras mutations simply do not by themselves induce sufficient Ras activity to pose a large risk for development of disease.
However, it has also been observed that the Ras activity levels in tumor cells are significantly higher than those in non-tumor cells in mice expressing mutant K-Ras from its endogenous promoter (11) . Therefore, while the expression of oncogenic Ras at physiological levels generally does not directly cause pathological outcomes, the presence of oncogenic Ras appears to predispose to further elevations in Ras activity (7, 10) through unknown mechanisms. We hypothesized that inflammatory stimulation could accelerate oncogenic Ras-induced pathologies through potentiating its signaling. This hypothesis was supported by observations that inflammatory stimuli could accelerate pathological responses in animals expressing physiological levels of mutant Ras (9, 12) .
In the current study, we investigated the interactions between oncogenic Ras and inflammatory mechanisms. We found that inflammatory stimuli induce transient Ras signaling in cells expressing wild-type Ras, but induce greater and more prolonged oncogenic Ras, inflammatory stimuli initiate a positive feedback loop involving NF-κB that generates inflammatory mediators including PGE 2 that further amplify Ras activity to pathological levels. At these higher levels of Ras activity, chronic inflammation and precancerous lesions result. Because Ras mutations are widespread in the adult human population, disruption of this positive feedback loop may be an important strategy for cancer prevention.
Results
In cells bearing oncogenic Ras, inflammatory stimuli greatly increase active Ras. Inflammation is a risk factor for cancer and has been found to accelerate the development of cancer in the presence of oncogenic Ras. At the same time, Ras activity levels are key to the efficiency of Ras-induced transformation. Therefore, we hypothesized that inflammatory stimuli would generate abnormal Ras activity in cells with oncogenic Ras. To test this hypothesis, we isolated cells from mice bearing a loxP-stop-loxP mutant K-Ras driven by its endogenous promoter (LSL-K-Ras G12D mice) (13) . We focused on pancreas-specific expression of experimental genes because the pancreas is a common site of Ras-induced cancer. Therefore, the LSL-K-Ras G12D mice were crossed with mice in which a full-length elastase promoter drives the expression of CreErT (14) . After treatments with tamoxifen to fully activate the Cre, the resulting double-transgenic mice expressed physiological levels of mutant K-Ras specifically in adult pancreatic acinar cells and are referred to throughout this article as acinar-Ras mice.
Examination of levels of active Ras indicated that basal activity was elevated in cells from acinar-Ras mice compared with control animals, as expected ( Figure 1 ). We then treated acinar-Ras and control cells with inflammatory stimuli, including cholecystokinin (CCK) ( Figure 1A ) and LPS ( Figure 1B) . These stimulants induced a transient increase in active Ras that returned to baseline in control cells at 1-3 hours, as has been previously reported (15) (16) (17) . In contrast, in cells from acinar-Ras mice, the effects of the stimulants were prolonged and levels remained greatly elevated for at least 3 hours ( Figure 1) .
The presence of oncogenic Ras is required for the induction of chronic pathologies after transient inflammatory stimulation. Inflammatory stimuli induced prolonged elevation of active Ras in the pres-ence of oncogenic Ras (current study), and high sustained Ras activity generates inflammatory mediators (10, 18) . Therefore, we hypothesized that a positive feedback loop might form in cells expressing oncogenic Ras, but not in control mice, such that chronic diseases would develop after a transient inflammatory insult in acinar-Ras animals.
To test this hypothesis, we treated acinar-Ras and control mice with cerulein, a CCK analog often used to generate a transient inflammatory response in the pancreas of normal mice in order to model acute pancreatitis (19) . We performed a series of injections typically used to generate acute pancreatitis (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI59743DS1). As previously reported, in the absence of treatment the pancreata of acinar-Ras mice could not be distinguished from those of control mice, except for the rare appearance of low-grade preneoplastic pancreatic intraepithelial neoplasms (PanINs) (10) . We observed that cerulein treatments caused a similar level of rapid acute inflammation in both acinar-Ras and control mice as assessed by histology, serum amylase, and inflammatory cell infiltration (Supplemental Figure 1 , B-E). However, the pancreata of control mice fully recovered within a few days and were completely normal in appearance within 1 week ( Figure 2A ). In contrast, acinar-Ras mice developed profound histological changes ( Figure 2B ) including widespread loss of acinar cells, persistent occupation with inflammatory cells, and widespread replacement of parenchyma with stromal collagen depositions (Supplemental Figure 2 , A-C). These features resembled the histological characteristics of human chronic pancreatitis. Stromal development was accompanied by high levels of activated stellate cells (Supplemental Figure 2D ). Within 4 weeks after the transient insult, acinar-Ras mice developed multiple PanINs ( Figure 2C ). After 8 months, pancreatic ductal adenocarcinoma was identified in some ceruleintreated acinar-Ras animals ( Figure 2D ). In contrast, none of the cerulein-treated control mice or nontreated acinar-Ras mice developed tumors. The pathological changes observed in the acinar-Ras mice after cerulein treatments appeared identical to those observed in mice engineered to express high levels of oncogenic K-Ras in the pancreas (10). This indicated that Ras activity itself is capable of generating all of the observed responses.
Figure 1
Stimuli induced prolonged increases in Ras activity in cells prepared from acinar-Ras but not control mice. Freshly isolated acini from control or acinar-Ras mice were stimulated with 10 nM CCK-8 (A) or 1 μg/ml LPS (B) for different time periods. The GTP-bound active Ras was measured by a Raf pull-down assay. In each case, a representative Western blot is shown with quantitative data from n = 3-4 independent experiments (*P < 0.05 versus time 0).
Active Ras levels in samples taken at various times from these in vivo models indicated early elevation of Ras in both control and acinar-Ras mice (data not shown). However, prolonged elevation of active Ras levels was evident only in acinar-Ras animals ( Figure  2E) . Surprisingly, active Ras levels were elevated even 2 weeks after the transient cerulein treatments in acinar-Ras mice and were further elevated at 4 weeks ( Figure 2E ). At 4 week, we also observed a small increase in total Ras protein (Supplemental Figure 2E ). The increase in Ras activity was due to direct effects on acinar cells and not to infiltration of inflammatory cells, as p-Erk, a downstream target of Ras activity, was localized to acinar cells, metaplastic ductal cells, and PanIN lesions in acinar-Ras mice (Supplemental Figure 3A ) but not control mice (Supplemental Figure 3B ). Total levels of p-Erk were also elevated in the pancreata of acinar-Ras mice compared with controls (Supplemental Figure 3C ). These data support that the increased Ras activity in the pancreas of acinar-Ras mice was primarily in acinar and acinar-derived cells.
Non-pathological levels of endogenous CCK lead to chronic inflammation and precancerous lesions in the presence of oncogenic Ras. Supraphysiologic cerulein is an artificial inflammatory stimulus used in models of experimental acute pancreatitis. Its endogenous counterpart, CCK, is elevated in the blood after a meal high in fats or proteins (20) . Inhibition of gut trypsin activity also increases CCK release from intestinal endocrine cells by activating trypsin feedback regulation of CCK release (21) (22) (23) . Camostat is a common trypsin inhibitor that has been widely used experimentally to increase circulating endogenous CCK. Increased levels of CCK generated by camostat feeding have trophic actions in rodents leading to increased pancreatic mass (24) . However, no pathologies have been reported after camostat feeding. Because CCK activates Ras, we hypothesized that camostat feeding would induce chronic inflammation in animals bearing oncogenic Ras. Therefore, we fed wild-type or acinar-Ras mice camostat for 4 weeks. Camostat feeding increased size ( Figure  3A ) but caused no histological changes in the pancreata of control mice ( Figure 3B ), confirming previous reports (24) . In contrast, acinar-Ras animals fed camostat developed severe chronic pancreatitis and formed PanINs ( Figure 3C ). Analysis of levels of active Ras indicated that camostat feeding resulted in a sustained elevation of active Ras levels in acinar-Ras ( Figure 3D ) but not control mice (data not shown). These data further support that various stimuli that increase Ras activity can generate pathologies in animals bearing oncogenic Ras. This latter observation may be of clinical significance, as camostat is widely used to treat or prevent chronic pancreatitis in some countries (25) .
Infectious stimuli lead to chronic inflammation and precancerous lesions in acinar-Ras but not control mice. Infection is a common risk factor for chronic inflammation and cancers. Therefore, we next examined the effects of LPS, a clinically relevant inflammatory inducer associated with Gram-negative bacteria. LPS exacerbates acute pancreatitis in mouse models of the disease (26, 27) . However, LPS alone does not induce pancreatitis in normal mice (26) . We hypothesized that the presence of oncogenic Ras would lead to more severe and prolonged effects of LPS treatments. Therefore, acinar-Ras and control mice were treated with LPS (10 mg/kg, i.p.) by weekly injection for 4 weeks (Supplemental Figure 4A ). As expected, LPS treatments had no observed effects in control mice (Supplemental Figure 4B ). In contrast, LPS treatments caused severe chronic pancreatitis and PanIN lesions in acinar-Ras mice (Supplemental Figure 4C ). As predicted by our model, these pathological changes were accompanied by sustained elevated Ras activity (Supplemental Figure 4D ).
Figure 2
Cerulein administration led to the development of chronic pancreatitis and PanINs and prolonged elevated Ras activity only in the presence of mutant K-Ras. The CCK analog cerulein was injected using a scheme known to induce acute inflammation in the pancreas (Supplemental Figure 1 ). Pancreata from control littermates recovered from the acute effects of these injections and were histologically normal by day 14 (A, original magnification, ×100). In contrast, acinar-Ras animals showed a depletion of acinar cells, sustained edema, and inflammation 2 weeks after the first series of cerulein (Cer) treatments (B, original magnification, ×100; inset, ×400). By day 28, the pancreata from acinar-Ras mice showed abundant fibrosis and PanINs (C, original magnification, ×100; inset, ×400). Pancreatic ductal adenocarcinoma developed in acinar-Ras mice 8 months after cerulein treatments (D, original magnification, ×100; inset, ×400). For Ras activity assays, animals were sacrificed without treatment (week 0), 2 weeks after one series of cerulein injections (week 2), and 2 weeks after a second series of cerulein injections (week 4). Cerulein treatments caused a transient increase in signaling in littermate controls but a sustained and increasing level of Ras activity in acinar-Ras mice (E) (*P < 0.05 compared with controls; n = 8 animals).
The NF-κB pathway plays a key role in the stimuli-induced positive feedback loop. The transcription factor NF-κB is activated downstream of Ras (28) . NF-κB has many roles and influences many facets of cell biology, including inflammation and survival (29) . We hypothesized that NF-κB and its target genes would be involved in the perpetuation of the positive feedback loop that amplifies Ras activity in cells with oncogenic Ras. In control mice, inflammatory stimuli cause a transient increase in NF-κB activation (30) . However, we observed persistent nuclear localization of the active p65 NF-κB subunit, an indication of NF-κB activity, even 4 weeks after cerulein treatment in acinar-Ras mice ( Figure 4A ) but not in control mice ( Figure 4B ).
Positive staining of p-IκB-α, a direct target of IKK kinase, further supported the presence of high IKK kinase activity in the acinar-Ras mice after cerulein treatment (Supplemental Figure 5 ). To directly examine the role of NF-κB in the positive-feedback loop, we utilized mice expressing oncogenic Ras but lacking inhibitor of NF-κB kinase 2 (IKK2) in adult pancreatic acinar cells (acinar-Ras-IKK fl/fl ). IKK2 is the NF-κB pathway upstream regulator that primarily controls the phosphorylation and subsequent degradation of the NF-κB inhibitory subunit IKBs, resulting in the release of the active p65 subunit to the nucleus. The acinar-Ras and acinar-Ras-IKK fl/fl mice were then treated transiently with cerulein as described above. Pancreatic fibrosis, inflammation, the extent of PanIN formation ( Figure 4C ), and active Ras levels ( Figure 4D ) were all dramatically reduced in the mice after IKK2 deletion. Using α-SMA as an indicator of active stromal stellate cell mass and amylase as a marker for acinar cells, we observed reduced α-SMA ( Figure 4E ) and increased amylase ( Figure 4F ) levels in animals in which IKK2 was deleted. Therefore, a reduction in NF-κB activation diminished the increase in Ras activity and also prevented its prolonged consequences.
In a complementary experiment, we investigated the influence of increasing NF-κB activity in cells with wild-type or oncogenic Ras. We hypothesized that active NF-κB would accelerate inflammatory progression and cancer in the presence of oncogenic K-Ras. For this experiment, acinar-Ras mice were crossed with mice with loxP-restricted conditional expression of constitutively active IKK2. In the resulting acinar-Ras-IKK Tg animals, Cre recombination led to the expression of both K-Ras G12D and constitutively active IKK2. Expression of K-Ras G12D alone had no obvious histological effect on the pancreas ( Figure 5A ). As has previously been reported (31) , expression of IKK2 generated a low level of inflammation resembling mild acute pancreatitis ( Figure 5B ). However, as predicted by our model, expression of both K-Ras G12D and IKK2 led to dramatic fibrosis of the pancreas and the rapid development of multiple PanINs ( Figure 5C ). As an indication of increased Ras activity, p-Erk was dramatically elevated in the pancreas of acinar-Ras-IKK Tg mice ( Figure 5D ) but not in mice expressing K-Ras G12D ( Figure 5E ) or IKK2 ( Figure  5F ) alone. Taken together, these data support a model in which NF-κB plays an important role in the positive feedback loop between inflammation and oncogenic Ras signaling.
The NF-κB target gene Cox-2 is a key mediator in the oncogenic Ras positive feedback loop. Cox-2 is a target gene of NF-κB and is the enzyme responsible for the generation of several inflammatory mediators including PGE 2 (32) . Cox-2 expression is induced by high levels of Ras activity (10) and was dramatically elevated in acinar-Ras mice after cerulein treatment ( Figure 6A ). To examine the role of Cox-2 in the pathological response to cerulein treatments, we administered acinar-Ras or control mice cerulein in the presence or absence of a highly selective Cox-2 inhibitor, NS-398. Treatments with NS-398 dramatically reduced pancreatic inflammation and fibrosis in cerulein-treated acinar-Ras mice ( Figure 6 , B and C). Histological evaluation, as well as measurements of α-SMA and amylase, indicated that NS-398 reduced stromal expansion (Figure 6D ) and preserved acinar cells ( Figure 6E ). Treatment with the Cox-2 inhibitor also decreased the level of active Ras observed after cerulein treatments ( Figure 6F ). Therefore, Cox-2 appears to play a role in the positive feedback pathway.
Figure 3
Camostat feeding caused chronic pancreatitis and PanINs in acinar-Ras but not control mice. Acinar-Ras or control mice were fed a diet containing 0.1% camostat for 4 weeks to raise endogenous levels of CCK. Pancreas growth was measured as a fraction of body weight (A) (*P < 0.05; n = 4 animals). Camostat feeding of control mice did not lead to noticeable histologic changes in the pancreas (B, original magnification, ×100). In contrast, camostat feeding of acinar-Ras mice led to the development of chronic pancreatitis and PanINs (C, original magnification, ×100; inset, ×400). Camostat feeding also caused a sustained elevation of Ras activity in the pancreata of acinar-Ras mice (D) (*P < 0.05; n = 4 animals).
To further examine the influence of Cox-2 on the positive feedback mechanism, we also examined mouse models in which acinar cells expressed oncogenic K-Ras or Cox-2 or both. For this purpose, we generated acinar-Ras-Cox-2 mice. We observed that Cox-2 expression alone for 6 months increased pancreas size (Supplemental Figure 6A ) but did not affect histology (n = 20) ( Figure 7A ). However, at later times (>8 months), Cox-2-expressing mice developed chronic inflammation with numerous pancreatic cysts (ductal ectasia) (Supplemental Figure 6B ). Nonetheless, no Cox-2 only-expressing mice developed PanINs or tumors within 1 year. Similarly, pancreata from mice expressing physiological levels of oncogenic K-Ras were for the most part histologically normal ( Figure 7B ). In contrast, acinar-Ras-Cox-2 mice rapidly developed dramatic inflammation resembling severe chronic pancreatitis and also developed abundant PanINs ( Figure 7C ). Carcinoma in situ was detected in one acinar-Ras-Cox-2 animal after 6 months ( Figure 7D ).
Levels of active Ras were significantly increased in acinar-Ras-Cox-2 mice ( Figure 7E ), as were levels p-Erk (Supplemental Figure  7 , A-C). Consistent with these in vivo findings, treatment with PGE 2 , a major product of Cox-2, generated prolonged elevation of Ras activity in isolated cells from acinar-Ras but not control mice ( Figure 7F) . These results support a model in which Cox-2, a downstream inflammatory mediator regulated by NF-κB, could act to potentiate Ras signaling in the presence of oncogenic K-Ras.
Ras, NF-κB, and Cox-2 pathways were upregulated in human pancreatic cancer. In order to examine whether increased Ras, NF-κB, and Cox-2 pathways are relevant to human pancreatic cancer, we evaluated these pathways in human pancreatic cancer tissues. Increased p-Erk ( Figure 8A) , an indicator of elevated Ras signaling, was observed in cancer tissues but not in normal pancreas (Supplemental Figure 8) . Similarly, Cox-2 expression was highly upregulated in human pancreatic cancer cells ( Figure 8B ). p65 nuclear translocation in cancer cells indicted an increase in NF-κB signaling ( Figure 8C ). Positive staining of p-IκB-α ( Figure 8D ), a direct target of IKK kinase, suggested the presence of high IKK kinase activity in cancer cells. Taken together, the data suggested that these signaling pathways may also play an important role in the disease of humans.
Discussion
In the current study, we identified an important interaction between two cancer risk factors, mutations in K-Ras and inflammatory stimuli. While interactions between these two risk factors have long been well known, the mechanisms involved have not been clear.
In several examples, we documented that stimuli that normally increase Ras activity only transiently in wild-type animals caused enhanced and prolonged stimulation in animals bearing oncogenic K-Ras. Importantly, this increased Ras signaling led to the development of chronic inflammatory disease and cancer. Our observations suggest that in the presence of oncogenic Ras, even mild inflammatory or physiologic stimuli may be able to trigger an NF-κB-mediated positive feedback mechanism involving Cox-2 that amplifies Ras activity to pathological levels. This positive feedback mechanism helps explain many of the observations previously made concerning Ras and inflammation as cancer risk factors. Furthermore, because a large portion of the adult human population possesses Ras mutations, disruption of this positive feedback loop may be an important strategy for cancer prevention.
Figure 4
NF-κB activation was essential for cerulein to induce chronic inflammation and precancerous lesions in acinar-Ras mice. After 2 series of cerulein treatments (week 4), pancreata of acinar-Ras mice showed increased NF-κB subunit p65 nucleus translocation (A, arrows; original magnification, ×400) as compared with controls (B, ×400). Triple transgenic mice (acinar-Ras-IKK fl/fl ), which express mutant K-Ras G12D with IKK2 deletion, displayed a significant reduction of fibrosis and inflammation (C, original magnification, ×100) and Ras activity (D) after 2 series of cerulein treatments. The degree of stellate cell activation and retention of pancreas parenchyma in acinar-Ras-IKK fl/fl mice was measured by quantification of α-SMA for stellate cells (E) and amylase for acinar cells (F) (*P < 0.05 compared with acinar-Ras mice; n = 4 animals). GAPDH was probed for relative protein loading control (note: GAPDH in D and F was from the same gel).
In this study, both control and acinar-Ras animals developed acute inflammation after transient treatments with inflammatory stimuli, but only mice with oncogenic K-Ras developed chronic inflammation and cancer. Therefore, the presence of oncogenic Ras is necessary for transient inflammatory stimulation to induce chronic pathologies and ultimately tumorigenesis. This notion differs from the previous suggestion that chronic inflammation is essential for oncogenic Ras to induce tumorigenesis (9) . Rather, at sufficient levels of activity, Ras is capable of generating both inflammation and tumorigenesis (7, 33) . Therefore, mechanisms that increase the level of Ras activity are the key to the pathological consequences. The mechanisms responsible for elevating Ras to pathological levels were the subject of the current study, and inflammatory stimuli appear to be able to initiate a process that amplifies the Ras signaling to its pathological levels.
Inflammatory stimulants caused prolonged elevation of Ras signaling in cells with oncogenic Ras. K-Ras is a typical guanine nucleotide-binding protein that cycles between an active GTPbound form and an inactive GDP-bound form. The GDP-bound form is converted to the active GTP-bound form through a GDP/ GTP exchange reaction that is facilitated by guanine nucleotide exchange factors (GEFs) (34, 35) . Similarly, the GTP-bound form is converted to the GDP-bound form by intrinsic GTPase activity, which is accelerated by GTPase-activating proteins (GAPs) (36) . Oncogenic mutations at codon glycine 12 result in a loss of approximately 85% of the intrinsic GTPase activity of K-Ras and also greatly reduce the responsiveness of K-Ras to inactivation by GAPs (37) . Therefore, active oncogenic Ras cannot be efficiently inactivated. However, mutant Ras is not active without GTP binding. The observation that mutant Ras can be activated by stimuli has been previously reported (38) . It is likely that in the absence of stimulation over long time periods the GTPase activity of the mutant Ras is sufficient to reduce the level of bound GTP. GEF loading of mutant Ras is not impaired. Therefore, the activity of mutant Ras can be increased by stimuli under specific circumstances. These characteristics of oncogenic Ras likely explain the prolonged elevation of Ras signaling after stimulation.
Nonetheless, the ramifications of increased Ras signaling are very apparent in vivo. In cells with wild-type Ras, inflammatory stimuli caused only a transient increase in Ras activity and shortlived acute inflammation. Wild-type mice completely recovered within 2 weeks after the inflammatory insult. In contrast, in mice with oncogenic Ras, Ras activity remained elevated for at least 2 weeks after treatments with inflammatory stimuli. The explanation for this is that in the presence of oncogenic Ras, inflammatory stimuli increased Ras activity sufficiently to generate inflammatory mediators (14, 29) , which further amplified Ras signaling in a positive-feedback manner. Therefore, increased Ras activity is both the source and the effect of inflammatory stimuli. Associated with the prolonged elevation of Ras activity in this model, non-reversible chronic inflammation with fibrosis and cancer developed. Interestingly, we also observed that at later times after stimulation, there was some increase in total Ras protein levels. The mechanisms responsible for this elevation are unknown and will be the subject of future investigations.
To further understand the mechanisms of the positive feedback loop, we evaluated the role of the NF-κB pathway. NF-κB is a transcription factor that regulates genes involved in inflammation and cell survival and is activated downstream of Ras (28) . Orthodox NF-κB activation involves IKK2-mediated phosphorylation of the IKB inhibitory subunits that sequester the gene regulatory subunits in the cytoplasm, where they are inactive. Once phosphorylated, the IKBs are degraded through ubiquitination, and the freed active form of NF-κB, usually the p65-p50 herterodimer, is then transported to the nucleus. NF-κB regulates transcription of specific genes including proinflammatory mediators (29) . In this study, high levels of nuclear p65 and expression of the NF-κB target gene Cox-2 remained evident 2 weeks after treatments with inflammatory stimuli in acinar-Ras mice. These observations support increased activity of this pathway in the presence of oncogenic Ras, as predicted. High levels of NF-κB, Cox-2, and Ras were also observed in samples of human pancreatic ductal adenocarcinoma, supporting the relevance of these studies to human disease.
To more strongly support our hypothesis, we disrupted the positive-feedback pathway by genetic deletion of IKK2 to inhibit NF-κB activity, or by pharmacologically inhibiting Cox-2. In cells depleted of IKK2, NF-κB activity was blocked, and this resulted in diminished Ras activity and chronic pathologies, as predicted. Likewise, inhibition of Cox-2 reduced Ras activity and diminished the chron-
Figure 5
NF-κB activation accelerated oncogenic Ras-induced pathologies. Pancreata of acinar-Ras mice 2 weeks after induction of mutant K-Ras G12D expression were histologically normal (A, original magnification, ×200). Pancreata of IKK Tg mice showed limited inflammation (B, original magnification, ×200). In contrast, expression of both K-Ras G12D and IKK2 led to dramatic fibrosis of the pancreas and the development of multiple PanINs (C, original magnification, ×200). The downstream Ras effector p-Erk was dramatically increased in the pancreas of acinar-Ras-IKK Tg mice (D, original magnification, ×200) in comparison to mice expressing acinar-Ras (E, ×200) or IKK (F, ×200) alone. ic diseases. Taken together, these data support that activation of NF-κB and its target gene Cox-2 mediate amplification of Ras signaling when oncogenic Ras is present (Figure 8 ). Further support for a role for Cox-2 in Ras-mediated pathologies comes from previous studies that indicated high levels of Cox-2 expression in human PanIN lesions (39) and reported that Cox-2 inhibitors reduced the development of pancreatic cancer in oncogenic Ras-based mouse models (40) . The current study indicates that targeting NF-κB and Cox-2 pathways would be likely to reduce Ras activity in cells that bear this mutation and therefore may be clinically useful to prevent oncogenic Ras-induced diseases. It was noted that IKK2 deletion did not completely diminish the inflammation, suggesting that additional members of the IKK family might also involve the activation of NF-κB pathway, as has been suggested by others (41) .
A clinically significant aspect of the current study was the observation that physiologically relevant environmental factors that have little effect on control animals had profound effects in the presence of Ras mutation. For example, camostat feeding, which increases endogenous serum levels of CCK through a well-described trypsin feedback mechanism, leads to acinar cell hypertrophy and hyperplasia in normal animals (21, 24, 42) . In contrast, camostat feeding amplified Ras activity sufficiently to generate chronic inflammation and PanIN formation in animals bearing oncogenic Ras. Thus, in the presence of oncogenic Ras, non-pathological stimuli can generate pathological results. Likewise, LPS treatments had no long-term effects in control animals (26) . However, in the presence of oncogenic Ras, LPS treatments led to fibrosis and PanIN formation. These data suggest that LPS may have greater pathological effects in patients harboring cells expressing oncogenic Ras, which may explain individual differences in response to infection. These results may also be relevant to the association of chronic bacterial infectious diseases in colon and pancreatic cancers (43, 44) .
The evidence suggests that physiological levels of oncogenic Ras are of little consequence and generate levels of Ras activity that do not affect most cells. However, in the presence of oncogenic Ras, inflammatory, or even physiological, stimuli are able to amplify Ras activity to levels sufficient to induce NF-κB and generate inflammatory mediators such as Cox-2 that further enhance Ras signaling to pathological levels in a vicious circle. In the current model, the positive feedback loop was at least partially mediated by NF-κB and involved Cox-2 (Figure 9 ). Interruption of this self-perpetuating pathological mechanism may be useful for the prevention of oncogenic Ras-induced chronic inflammatory diseases and cancer.
Methods
Genetically engineered mice. LSL-K-Ras G12D mice, which possess the conditional knock-in mutant K-Ras G12D , were obtained from the Mouse Models for Human Cancer Consortium Repository (45) . Ela-CreERT mice, which express tamoxifen-regulated CreERT specifically in pancreatic acinar cells under the control of a full-length elastase gene promoter, were developed in our laboratory as previously described (14) . For targeted expression of K-Ras G12D in pancreatic acinar cells, LSL-K-Ras G12D mice were bred with Ela-CreERT mice to generate LSL-K-Ras/Ela-CreERT
Figure 6
Cox-2 inhibition reduced the development of cerulein-induced chronic inflammation in acinar-Ras mice. Cerulein treatment increased Cox-2 expression in the pancreas of acinar-Ras mice (week 4) (A, original magnification, ×200) and generated chronic inflammation and fibrosis (B, ×100). Simultaneous treatment with a selective Cox-2 inhibitor (NS-398, 5 mg/kg/d) dramatically reduced the severity of these effects (week 4) (C, original magnification, ×100). These data were confirmed by quantification of decreased α-SMA (D) and increased amylase expression (E) in acinar-Ras mice with NS-398 administration. Treatment with the selective Cox-2 inhibitor also significantly decreased Ras activity (F) (*P < 0.05 versus nontreated acinar-Ras mice; n = 4 animals).
double-transgenic mice (acinar-Ras mice). To generate mice expressing Cox-2 in pancreatic acinar cells, Cox-2-floxed animals were obtained from Harvey R. Herschman, UCLA, Los Angeles, California, USA (32) . Mice with conditional IKK2 deletion (IKK2 fl/fl ) were provided by Michael Karin, UCSD, San Diego, California, USA (46) . To generate conditional expression of constitutive active IKK2, a fragment containing loxP-GFPstop-loxP followed by constitutive active IKK2 (gift of Michael Karin) was cloned into a pCAGGS vector (gift from J. Miyazaki, Kumamoto University Medical School, Japan), which contains a CMV and chicken β-actin chimeric promoter. Transgenic mice were developed by pronuclear injection. All experiments were performed with tamoxifen-induced mice to activate Cre recombination in adult pancreatic acinar cells.
Preparation of acini. Pancreatic acini were prepared as described previously (47) with modifications. Briefly, pancreata from mice were digested with purified collagenase (100 U/ml,Worthington Biochemicals) and incubated at 37°C for 50 minutes with shaking at 120 rpm. Digested tissue was then mechanically dispersed via pipette and passed through a 150-μm mesh nylon cloth. Acini were then purified 3 times with gradient separation in DMEM containing 4% bovine serum albumin. Purified acini were resuspended in DMEM containing 0.1 mg/ml soybean trypsin inhibitor and 1% bovine serum albumin for 1 hour in a tissue culture incubator. After stimulation with 10 nM CCK-8 (Sigma-Aldrich), 10 μM PGE2 (Cayman Chemicals), or 1 μg/ml LPS (Sigma-Aldrich) for different time periods, acini were assayed for Ras activity.
Ras activity assay. Ras activity in this study refers to the level of GTPbound Ras as measured using a Raf pull-down assay kit as recommended by the manufacturer (Millipore). Briefly, snap-frozen pancreatic samples were homogenized on ice in lysis buffer containing 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (pH 7.5), 1% IGEPAL CA-630, 150 mM NaCl, 0.25% sodium deoxycholate, 10% glycerol, 25 mM NaF, 10 mM MgCl2, 1 mM ethylenediaminetetraacetic acid, 10 μg/ml aprotinin, 10 μg/ ml leupeptin, and 1 mM sodium orthovanadate. These samples were soni-
Figure 7
Cox-2 and oncogenic K-Ras synergized to promote the development of chronic inflammation and cancer. Pancreata from mice expressing acinar cell Cox-2 were histologically normal at 2 months of age (A, original magnification, ×100). Similarly, pancreata from mice with expression of mutant K-Ras in acinar cells were mostly normal, although occasional low-grade PanIN lesions were observed at 2 months of age (B, arrow; original magnification, ×100). In contrast, mice expressing both Cox-2 and mutant K-Ras developed severe chronic pancreatitis at 2 months of age, with dramatic fibrosis, inflammation, destruction of acinar cells, and multiple PanINs (C, original magnification, ×100). Cancer in situ was observed (1 of 6) in K-Ras-Cox-2 mice within 6 months (D, original magnification, ×100; inset, ×400). Ras activity was greatly increased in the pancreata expressing both Cox-2 and oncogenic Ras (E). Stimulation of freshly isolated acini with 10 μM PGE2 caused a prolonged increase in Ras activity in acinar-Ras mice but not control mice (F) (*P < 0.05 versus time 0).
Figure 8
Ras, Cox-2, and NF-κB pathways were upregulated in human pancreatic cancer. Increased p-Erk, an indicator of elevated Ras signaling, was observed in human cancer tissues (A). Similarly, Cox-2 expression was highly upregulated in human pancreatic cancer cells (B). p65 nuclear translocation in cancer cells induced an increase in NF-κB signaling (C). Positive staining of p-IκB-α, a direct target of IKK kinase, suggested the presence of high IKK kinase activity (D). Negative staining of these signaling molecules in normal human pancreas is shown in Supplemental Figure 8 . PDAC, pancreatic ductal adenocarcinoma.
cated and centrifuged at 15,000 g for 10 minutes at 4°C to remove cellular debris. Aliquots of lysates were set aside to allow quantification of total Ras and protein concentrations. Equal amounts of lysate were incubated for 30 minutes at 4°C with agarose beads coated with Raf-Ras binding domain. The beads were then washed 3 times with ice-cold lysis buffer and boiled for 5 minutes at 95°C, and active Ras was analyzed by immunoblotting following standard Western blot analysis protocols.
Western blot analysis. Cell or tissue lysates were prepared, separated by SDS-PAGE, and transferred to nitrocellulose membranes. The membranes were blocked for 1 hour at room temperature with 3% nonfat milk in Trisbuffered saline containing 0.05% Tween 20 and incubated overnight at 4°C with one of the following primary antibodies: Ras (1:2,000; Millipore), GAPDH (1:10,000; Sigma-Aldrich), amylase (1:1,000; Sigma-Aldrich), p-Erk (1:1,000; Santa Cruz Biotechnology Inc.), total Erk (1:1,000; Cell Signaling Technology), or α-SMA (1:400; Abcam). Immunodetection was performed with the corresponding Alexa Fluor 680-conjugated secondary antibodies to allow detection with the Odyssey Infrared Imaging System (LI-COR Biosciences). All images were converted to grayscale.
Induction of experimental pancreatitis. Adult (60- to 70-day-old) mice were treated with the appropriate stimuli as described below. Cerulein (Sigma-Aldrich) was administered via hourly injections over 5 hours by i.p. injection (50 μg/kg dissolved in 100 μl of sterile saline with 0.1% bovine serum albumin) on the first day and then one injection per day for 4 consecutive days. Two weeks after the initiation of treatment, the whole course of cerulein injections was repeated. LPS from Escherichia coli O111:B4 (Sigma-Aldrich) was administered via a single weekly i.p. injection (10 mg/kg dissolved in 100 μl sterile saline) for 4 consecutive weeks. Camostat mesylate (Santa Cruz Biotechnology Inc.) was added to a liquid Lieber-DeCarli diet (Bio-Serv) for 4 weeks at a dose 0.1% of the volume of solid food, as has been previously described (48) . NS-398 (Cayman Chemical), a Cox-2 inhibitor, was administered once daily i.p. (5 mg/kg dissolved in 50 μl DMSO), 0.5 hours before cerulein treatment for 4 consecutive weeks. For experimental analyses, sex- and age-matched animals were sacrificed at specified times after the indicated treatments. Littermates that do not express genes of interest receiving the same treatments served as controls.
Histology. At the end of the experiment, pancreata were removed, rinsed with phosphate-buffered saline, and fixed in 10% buffered formalin overnight or embedded in OCT medium and frozen. Formalin-fixed samples were then embedded in paraffin, serially sectioned (5 μm thick), and stained with standard hematoxylin and eosin.
Immunohistochemistry. Immunohistochemical staining for cleaved p-ERK (1:200, Cell Signaling Technology), NF-κB p65 (1:50, Cell Signaling Technology), Cox-2 (1:300, Cayman Chemical), and anti-α-SMA (1:100, Abcam) was performed in pancreatic paraffin sections. Briefly, after deparaffinization and antigen retrieval, unspecific binding was blocked and primary antibodies were applied at 4°C overnight. After washing, sections were incubated with the appropriate horseradish peroxidase-labeled polymers (BioCare). Positive labeling was detected by exposing the samples to Nova-RED substrate kit for peroxidase (Vector Laboratories). Samples were counterstained with Gill no. 3 hematoxylin solution. Immunohistochemical staining for leukocytes (CD45, 1:50, BD Biosciences - Pharmingen) and macrophages (F4/80, 1:20, eBioscience) was performed on frozen pancreatic sections. Briefly, after fixing in pure acetone at -20°C (10 minutes) and blocking with 10% fetal bovine serum/2% normal horse serum for 60 minutes at room temperature, primary antibodies were applied at 4°C overnight. After washing, incubation with biotinylated secondary antibodies and streptavidin-labeled horseradish peroxidase was performed. Positive labeling was detected using the NovaRED substrate kit for peroxidase. Counterstaining was performed with Gill no. 3 hematoxylin.
Collagen detection. Trichrome staining (Sigma-Aldrich) was used to reveal collagen deposits in paraffin-embedded pancreatic tissue sections. Briefly, after deparaffinization sections were mordanted in preheated Bouin's solution. After washing, slides were consecutively stained in Weigert's iron hematoxylin solution, Biebrich scarlet-acid fuchsin, phosphotungstic/ phosphomolybdic acid solution, and aniline blue solution and washed in 1% acetic acid. Samples were then briefly dried and dehydrated.
Amylase activity assay. As a measure of acute pancreatitis, serum amylase activity was measured using the Phadebas test (Pharmacia Diagnostics). Results were expressed as the fold increase compared with control.
Statistics. For statistical analysis, data were analyzed using a 2-sided unpaired Student's t test. A P value less than 0.05 was considered to be statistically significant. Results are displayed as mean ± SEM.
Study approval. All animal experiments were approved by The University of Texas MD Anderson Cancer Center's IACUC. Usage of normal human pancreas and human pancreatic cancer tissues from the MD Anderson Cancer Center tissue bank for immunohistochemical studies was approved by the MD Anderson Cancer Center IRB.
Figure 9
An NF-κB pathway-mediated positive feedback loop amplifies Ras activity to pathological levels in cells expressing oncogenic Ras. Physiological levels of oncogenic Ras generate increased Ras activity but rarely lead to pathologies. However, in the presence of oncogenic Ras, inflammatory stimuli induce high sustained levels of Ras activity, which in turn induce more inflammatory mediators. This positive feedback loop amplifies and prolongs Ras activity to pathological levels that cause chronic inflammation and cancer.
